Insulin, an important regulator of peripheral metabolism, has been reported to interact with many neurotransmitter systems including those associated with convulsion. The effect of insulin against pentylenetetrazole and strychnine-induced convulsions in mice, as well as possible sex differences, were evaluated in this study. Mice of both sexes weighing between 20 and 25 g were administered insulin intraperitoneally at doses of 1, 2, 4 and 8 IU/kg. Each mouse received a convulsive dose of pentylenetetrazole (100 mg/kg, i.p.) or strychnine (2 mg/kg, i.p.) and was observed for the onset of convulsions and occurrence of death. Against pentylenetetrazole-induced convulsions, all the doses of insulin used significantly (p < 0.05) prolonged the onset of convulsions and significantly delayed the time of death in male mice when compared with control. However, in female mice, only insulin 8 IU/kg significantly prolonged the onset of convulsions, while insulin 4 IU/kg significantly delayed the time of death. Against strychnine-induced convulsions, insulin at the doses of 2 and 4 IU/kg significantly (p < 0.05) prolonged the onset of convulsions in male mice relative to control, while 8 IU/kg insulin significantly prolonged the time of death in male mice compared to control. However, none of the doses of insulin administered to female mice were effective against strychnine-induced convulsions. These results show that insulin produced sex-related protective effects against chemically-induced convulsions in mice.
INTRODUCTION
Insulin, a polypeptide hormone produced by the -cells of the Islets of Langerhans in the pancreas, interacts with its receptors in peripheral tissues like liver, fat and muscle to stimulate the uptake of glucose, fatty acids and amino acids leading to their storage as glycogen, fats and proteins respectively. The central nervous system (CNS) *Corresponding author. E-mail: saojox@gmail.com.
Author(s) agree that this article remain permanently open access under the terms of the Creative Commons Attribution License 4.0 International License was previously thought to be insulin insensitive, but the discovery of insulin and its receptors in the CNS in 1967 and 1978 respectively, radically changed this view (Wada et al., 2005; Huang et al., 2010) . Since then, there has been extensive research into the activities of insulin and its receptors in the brain and spinal cord.
Insulin receptors in the CNS and those in peripheral tissues share similar structural and functional characteristics. The insulin receptor, a member of the tyrosine kinase receptor family, is a big trans-membrane glycoprotein formed from two 135,000 Da  subunits and two 95,000 Da  subunits linked by disulphide bonds to form a  - - - heterotetramer (Bedse et al., 2015) . When insulin binds to its receptors in the CNS, diverse neuronal effects are produced. Insulin and its receptors in the CNS have been found to play various roles far beyond their traditional peripheral effects. They are now known to play important roles in the growth, structure and function of neurons, and promote cognitive functions such as learning and memory, while impaired insulin receptor signaling has been linked to the pathogenesis of neurodegenerative diseases like Alzheimer's and Parkinson's diseases (Chiu and Cline, 2010; Bedse et al., 2015; Neth and Craft, 2017) . Previous works have also reported the neuromodulatory actions of insulin in the CNS by regulating receptor density and affinity at the membrane surface and tyrosine phosphorylation of receptor subunits (Wan et al., 1997; Caraiscos et al., 2007; Ferrario and Regan, 2018) . Insulin receptor signaling has thus been implicated in the regulation of synaptic neurotransmission, playing an important role in synaptic plasticity, learning and memory.
Convulsions or seizures result from disturbances in both excitatory and inhibitory neurotransmitter systems, including the glutamatergic and gabaergic systems (Koutroumanidou et al., 2013) . Insulin receptor signaling has been reported to modulate the gabaergic, NMDA and glycinergic systems, among other neurotransmitter systems (Caraiscos et al., 2007; Neth and Craft, 2017; Trujeque-Ramos et al., 2018) . Therefore, this study investigated the effect of insulin on convulsions induced by the administration of pentylenetetrazole and strychnine in mice. Due to the reported existence of sex differences in some metabolic effects of insulin (Woods et al., 2003; Clegg et al., 2006; Hallschmid et al., 2012) , possible sex-related differences in the effect of insulin on convulsions were explored by the use of both male and female mice.
MATERIALS AND METHODS

Animals
Adult mice of both sexes (Vom strain, National Veterinary Research Institute, Jos, Nigeria) weighing between 20.0 and 25.0 g were used in this study. They were inbred and maintained under natural 
Evaluation of pentylenetetrazole-induced convulsions
Six groups of mice (n = 16; males = 8, females = 8) were administered normal saline 10 ml/kg (i.p.), diazepam 2 mg/kg (i.p.) and insulin 1, 2, 4 and 8 IU/kg (i.p.) respectively. The mice administered normal saline or diazepam received a subsequent dose of normal saline 10 ml/kg (i.p.), while the mice that were administered insulin received a subsequent dose of dextrose solution 3 g/kg (i.p.) in order to offset the hypoglycemic effect due to insulin (Uysal et al., 1996; Siegel et al., 2014) . Twenty minutes after the administration of normal saline, and insulin, and 30 minutes after diazepam administration, each mouse received a convulsive dose of pentylenetetrazole 100 mg/kg (i.p.). The onset of convulsions (in seconds) and time of death (in seconds), within a period of 1 and 24 h respectively, were recorded as previously described (Hamad et al., 2014) .
Evaluation of strychnine-induced convulsions
Six groups of mice (n = 16; males = 8, females = 8) received normal saline 10 ml/kg (i.p.), phenobarbital 30 mg/kg (i.p.) and insulin 1, 2, 4 and 8 IU/kg (i.p.) respectively. The mice administered normal saline or phenobarbital received a subsequent dose of normal saline 10 ml/kg (i.p.), while the mice that were administered insulin received a subsequent dose of dextrose solution 3 g/kg (i.p.) in order to offset the hypoglycemic effect due to insulin (Uysal et al., 1996; Siegel et al., 2014) . 20 min after the administration of normal saline and insulin, and 30 min after phenobarbital administration, each mouse received a convulsive dose of strychnine 2 mg/kg (i.p.). The onset of convulsions (in seconds) and time of death (in seconds), within a period of 1 and 24 h respectively, were recorded as previously described (Salahdeen and Yemitan, 2006; Hamad et al., 2014) .
Statistical analysis
All data was analyzed by one-way analysis of variance (ANOVA), and Student -Newman -Keuls post-hoc test was carried out to determine a significant effect. Analyses were undertaken using the Primer of Biostatistics software (Version 3.01, 1992) 
RESULTS
Effect of insulin on the onset of convulsions following pentylenetetrazole administration in male and female mice
In both male and female mice, diazepam completely prevented the occurrence of convulsions after pentylenetetrazole administration. In male mice, all the doses of insulin used in this study significantly delayed the onset of convulsions when compared with normal saline. However, only insulin 8 IU/kg significantly delayed the onset of convulsions in females as described in Table  1 .
Effect of insulin on the time of death following pentylenetetrazole administration in male and female mice
There was complete prevention of death in the diazepamtreated groups in both male and female mice. Insulin at all the doses used significantly prolonged the time of death in male mice when compared with normal saline, whereas in female mice only insulin 4 IU/kg significantly prolonged the time of death as shown in Table 2 .
Effect of insulin on the onset of convulsions following strychnine administration in male and female mice
The administration of phenobarbital significantly delayed the onset of convulsions in male mice following the administration of strychnine when compared with normal saline, but it did not in females. Insulin doses of 2 and 4 IU/kg significantly delayed the onset of convulsions in males, whereas no insulin dose significantly affected the female mice as presented in Table 3 .
Effect of insulin on the time of death following strychnine administration in male and female mice
Phenobarbital administration significantly prolonged the time of death in both male and female mice compared with normal saline. While insulin 8 IU/kg prolonged the time of death significantly in male mice, none of the insulin doses had a significant effect on the time of death Table 4 . Effect of insulin administration on time of death following strychnine-induced convulsions in male and female mice.
SEX Group 1 (NS +NS)
Group 2 (PNB+NS) in female mice as shown in Table 4 .
DISCUSSION
The effect of insulin on chemically-induced convulsions in male and female mice was determined using pentylenetetrazole and strychnine-induced convulsions in this study. Diazepam, a known benzodiazepine receptor agonist, at the dose of 2 mg/kg (i.p.) completely abolished seizures induced by pentylenetetrazole (100 mg/kg, i.p.) in both male and female mice, and prevented mortality within 24 h. Diazepam produces anticonvulsant effect by promoting gabaergic synaptic inhibition in the brain. It binds to its site on the GABA A receptor and increases the frequency with which the chloride ion channel of the receptor opens, thereby increasing the efficiency of GABA (Nutt and Malizia, 2001) . Although insulin did not prevent the incidence of convulsions or mortality due to pentylenetetrazole administration in this study, the results obtained are suggestive of a sexrelated difference in the protective effect of insulin against pentylenetetrazole-induced convulsions. Previous studies have reported a differential sensitivity to insulin in male and female rats which was due to the effect of gonadal hormones (Clegg et al., 2006; Hallschmid et al., 2012) . The sex difference observed in insulin's effect in this study could be attributed to hormonal differences between male and female mice. Insulin has been reported to upregulate GABA A receptors on the postsynaptic membrane through receptor recruitment thereby increasing GABA-mediated inhibition in CNS (Wan et al., 1997; Trujeque-Ramos et al., 2018) . This could account for the protective effect that insulin produced against pentylenetetrazole-induced convulsion reported in this study. Phenobarbital, a GABA A receptor agonist, enhances the effect of GABA by increasing the duration of chloride ion channel opening (Löscher and Rogawski, 2012) . In this study, phenobarbital at the dose of 30 mg/kg (i.p.) delayed the occurrence of seizures and prevented mortality due to strychnine-induced convulsion in male mice but not in female mice. Strychnine produces convulsions by binding to glycinergic receptors in the CNS (Maher et al., 2014) . There is no report of a sex difference in the anticonvulsant effect of phenobarbital against strychnine-induced convulsion in previous studies. Insulin at all the doses used in this study did not prevent the incidence of convulsions or mortality resulting from strychnine-induced convulsions in male and female mice, but it conferred some protection against strychnineinduced convulsion in male mice. Insulin has been reported to increase the potency of glycine on its receptors in the CNS (Caraiscos et al., 2007; Yan-Do and MacDonald, 2017) . The protective effect of insulin against strychnine-induced convulsion in male mice suggests that insulin facilitated glycine-mediated inhibition in the CNS. However, the doses of insulin that produced protective effects against strychnine-induced convulsions in male mice were not effective in females. Therefore, the effects of insulin as well as phenobarbital against strychnineinduced convulsions in male and female mice revealed sex differences in this study.
CONCLUSION
The results obtained from this study showed that insulin produced protective effects against chemically-induced convulsion in mice, probably via facilitation of the gabaergic and glycinergic inhibitory neurotransmitter systems. This effect of insulin was sex-related as female mice were not protected against pentylenetetrazole and strychnine-induced convulsions at certain doses of insulin that protected male mice in this study. Therefore, the results of this work demonstrated sex differences in the response of mice to varying doses of insulin used against chemically-induced convulsions. Further studies are required to elucidate the mechanisms mediating these sex differences.
